Abstract. The nociceptive flexor reflex was studied in mice, focusing in particular on movement. Electrical stimuli delivered to the ventral aspect of the toe through a pair of needle electrodes inserted subcutaneously elicited a biphasic withdrawal reflex that was composed of short-and long-latency movements of the ipsilateral hind paw. The first response had a lower activation threshold compared with the second movement. Similar biphasic responses were observed in the afferent volley recorded from the sciatic nerve as well as in the electromyographic activity recorded from the femoris biceps muscle. Tetrodotoxin, applied over the sciatic nerve, abolished the first movement, but the second response was preserved, revealing that the first movement was elicited by the activation of myelinated Ad -fibers, whereas the second movement was mediated by unmyelinated C-fibers. Thus, simultaneous activation of Ad-and C-fibers leads to separate, but sequentially occurring withdrawal movements of the hind paw in mice. Systemic administration of morphine suppressed the withdrawal reflex, which was attributable to a preferential reduction of the Ad -fiber-mediated short-latency component. This method will be useful for understanding how Ad -fiber-and C-fiber-mediated nociceptive reflexes are affected by drugs in the whole animal system.
Introduction
In mice, behavioral studies measuring the latency and/ or threshold of escape responses against noxious stimuli are widely used for analysis of pain and the effects of various drugs. However, escape responses are generally integrated movements that are elicited by activation of both myelinated and unmyelinated fibers (but see 1). To characterize myelinated fiber-mediated or unmyelinated fiber-mediated responses physiologically and pharmacologically in vivo, intracellular recordings from motoneurons or dorsal horn neurons of the spinal cord and electromyography recordings corresponding to the nociceptive flexor reflex have been made in response to peripheral noxious stimuli in cats (2, 3) , rabbits (4) , and rats (5 -7). The electromyogram obtained from the femoris biceps muscle in response to electrical stimulation of the ipsilateral sural nerve is composed of separate fast and slow reflexes, which are mediated by myelinated Ad -fibers and unmyelinated C-fibers, respectively (3, 8) . Recently, Grass et al. (9) adapted their rat model of the nociceptive flexor reflex to be used on anesthetized mice, allowing evaluation of the C-fiber-mediated component of the electromyogram. So far, there has been no reported simultaneous evaluation of myelinated Ad -fiber-and unmyelinated C-fiber-mediated flexor reflexes.
In this study, instead of using electromyography, we analyzed the flexor withdrawal reflex movement of the hindlimb in mice and demonstrated that the flexor withdrawal movement can also be separated into shortand long-latency components that correspond to the activation of myelinated Ad -and unmyelinated Cfibers, respectively. With this mouse model, we have provided some pharmacological profiles of myelinated-fiber-and unmyelinated-fiber-mediated components of the withdrawal movement.
Materials and Methods

Animals and anesthesia
All the experimental protocols were approved by the Animal Care and Use Committee of Nagoya City University and were conducted in accordance with the guidelines of the National Institutes of Health and The Japanese Pharmacological Society.
Experiments were performed on adult male ICR mice that were 8 -9-week-old and weighed 35 -55 g. Mice were anesthetized with urethane (1.6 g / kg, i.p.) and achloralose (15 mg / kg, i.p.), and cannulae were inserted into the trachea and the caudal vein to maintain respiration and for drug administration, respectively.
Measurement of the hindlimb withdrawal reflex
Mice were placed in the ventral recumbent position on a plastic board, and the hindlimbs were suspended through the holes in the board (Fig. 1) . The left hind toe was connected to a force-displacement transducer (SB-1T; Nihon Kohden, Tokyo), and a pair of bipolar electrodes was inserted subcutaneously, approximately 3-mm-apart, into the ventral aspect of the interphalangeal skin zone. Electrical stimuli (a train of 5 pulses, 1-ms duration, 200 Hz) were applied every 30 s. The stimulus strength was fixed at 30 V unless indicated otherwise. The output of the transducer was amplified and recorded on a thermal array recorder (RTA-1200, Nihon Kohden). The response remaining immediately after sacrifice of the mice, which was presumably due to local partial contraction of muscles as a result of direct electrical stimulation, was subtracted. Three to five consecutive responses were averaged when characterizing the responses or evaluating the effect of drugs. The rectal temperature was maintained at 36.0 ± 0.5°C by radiant heat.
Electromyogram recording
The left knee-flexor biceps femoris muscle was exposed, and the electromyographic activity evoked in response to electrical stimuli (which were the same as those used to record the flexor reflex) of the ipsilateral hind toe was recorded with a monopolar enamel-coated stainless steel wire electrode that had been inserted into the muscle. The evoked electromyographic activity was amplified and displayed on a computer-based digital oscilloscope (LEG-1000, Nihon Kohden).
Recording of the afferent volley
Anesthetized mice were immobilized with intravenously administered d-tubocurarine chloride (3 mg / kg, i.v.) and artificially ventilated. The left sciatic nerve, exposed and cut near the vertebra, and surrounding tissues were covered with white Vaseline to avoid drying. The afferent volley produced in response to electrical stimuli (which were the same as those used to record the flexor reflex) to the ipsilateral hind toe was recorded from the sciatic nerve with bipolar Ag-AgCl wire electrodes and displayed on an oscilloscope (LEG-1000, Nihon Kohden). Five consecutive responses were averaged.
Drugs
Urethane and naloxone HCl were purchased from Sigma (St. Louis, MO, USA). a -Chloralose and dtubocurarine chloride were from Tokyo Kasei (Tokyo), tetrodotoxin (TTX) was from Wako (Osaka), and the morphine HCl was from Shionogi (Osaka). Urethane and a-chloralose were dissolved in distilled water. TTX, morphine, naloxone, and d-tubocurarine were dissolved in 0.9% w / v physiological saline. d-Tubocurarine, morphine, and naloxone were administered intravenously at a volume of 10 ml / kg.
Statistical analyses
All data are expressed as the mean ± S.E.M. Student's t-test was used to compare data between two groups, and the multiple t-test with the Bonferroni correction following one-way analysis of variance (ANOVA) was used for multiple comparisons between control and treated groups (10) . Differences at P<0.05 (two-tailed) were considered to be significant. 
Results
Measurement of the withdrawal reflex and electromyographic activity
As shown in Fig. 2A (upper trace), electrical stimuli (a train of 5 pulses, 1-ms duration, 200 Hz, 30 V) delivered to the ventral aspect of the toe elicited a biphasic withdrawal reflex that was composed of shortand long-latency movements of the ipsilateral hind paw. The first response had a lower activation threshold (3.2 ± 0.8 V, n = 5) compared with the second movement (9.0 ± 1.3 V, n = 5). Figure 2B demonstrates that the amplitude of each movement was dependent upon stimulus intensity and became stable at 30 V. The times to peak of the first and the subsequent second movements were 32.8 ± 2.9 and 148.8 ± 2.4 ms after electrical stimuli, respectively (n = 5).
The electromyographic activity obtained from the femoris biceps muscle in response to electrical stimuli to the ventral aspect of the ipsilateral toe (a train of 5 pulses, 30 V, 1-ms duration, 200 Hz) revealed a biphasic component (n = 5). A typical electromyographic recording is shown in Fig. 2A (lower trace) . The averaged onset of the first and second components was approximately 26 ms and 128 ms, respectively.
Measurement of the afferent volley
Electrical stimuli to the ventral aspect of the toe (a train of 5 pulses, 30 V, 1-ms duration, 200 Hz) elicited biphasic compound action potentials in the sciatic nerve (n = 4). The first appeared immediately after each electrical pulse and was followed by the second after five successive electrical pulses. Figure 3 illustrates a typical averaged trace obtained from 5 consecutive responses. The conduction velocity of these components, which was calculated from the onset time and the distance between the stimulating and recording electrodes was 5 -30 and 0.3 -0.8 m / s for the first and second components, respectively. These conduction velocities are in agreement with those reported for mouse Ad -(1.4 -13.6 m/ s) and C-fibers (0.21 -1.30 m / s), respectively (11) .
Effects of TTX on the biphasic withdrawal movement
We next further characterized the afferent fibers involved in the biphasic movement using TTX, which selectively blocks myelinated A-fibers, leaving unmyelinated C-fibers intact (3, 4, 12) . A small peace of cotton was soaked with TTX (1 -10 mM, 50 ml) and then placed onto the sciatic nerve, which had been exposed by removing the perineural sheath. As shown in Fig. 4 , TTX suppressed the short-latency reflex movement in a concentration-dependent manner. In contrast, the long-latency movement was not inhibited, indeed it appeared to be facilitated, suggesting the existence of tonic inhibitory influences on C-fibers by Ad -fibers (3, 13) . Taken together, these results suggest that the short-latency and long-latency movements are mediated by the activation of myelinated Ad -fibers and unmyelinated C-fibers, respectively.
Effects of morphine
We next evaluated whether the short-and longlatency withdrawal movements are differentially influenced by the opiate analgesic morphine. Morphine HCl (1 -20 mg / kg, i.v.) decreased both the Ad -fibermediated short-latency and C-fiber-mediated longlatency movements in a dose-dependent manner. However, as is clear from the time-course graph in Fig. 5 , morphine exerted a more prominent suppression of the Ad -fiber-mediated movement. After morphine injection, the short-latency movement was almost completely inhibited at 10 mg / kg (90.5 ± 4.0% inhibition after 10 min, n = 5, P<0.01 vs saline control), whereas the long-latency movement was reduced by 34.8 ± 16.4% (after 10 min, n = 5, not significant) and 59.6 ± 7.2% (after 15 min, n = 5, P<0.05 vs saline control) at 10 and 20 mg/ kg, respectively. The inhibitory effects of morphine (20 mg / kg) on the Ad -fibermediated short-latency and C-fiber-mediated longlatency movements were reversed by naloxone (0.1 mg / kg) that was injected 5 min after morphine application. Five minutes after naloxone application (= 10 min after morphine), the Ad -fiber-mediated short-latency and Cfiber-mediated long-latency movements recovered to 76.7 ± 11.5% and 75.7 ± 8.3% (n = 5 each) of the premorphine levels, respectively.
Discussion
In this study, we have made a quantitative study of the nociceptive withdrawal flexor reflex in mice. In response to electrical stimuli delivered to the ventral aspect of the toe, the mice exhibited a biphasic withdrawal reflex comprising short-and long-latency movements of the ipsilateral hind paw ( Fig. 2A , upper trace) that corresponded to the respective activation of myelinated Ad -and unmyelinated C-fibers, as shown by the present studies.
How did the nociceptive stimuli elicit a biphasic movement?
A variety of factors may contribute to a biphasic movement. The long-latency reflex could be generated via mediation by the spino-bulbo-spinal reflex (14) . However, this is not the case since we observed a similar biphasic withdrawal reflex movement in mice that had been spinalized at the level of vertebra C1 (data not shown). Distinct synaptic pathways involving spinal intrinsic interneurons could contribute to the separation of output movements. However, we observed two compound action potentials when the afferent volley was recorded from the sciatic nerve (Fig. 3) , indicating that the signals were already separated before arriving at the spinal cord. It is well known that noxious stimuli induce not only flexor contaction, but also extensor contraction (15) . It was possible that the long-lasting monophasic flexion movement, when interrupted by a transient extensor contraction, produced a biphasic withdrawal response. However, the electromyogram recorded from one knee flexor muscle revealed two separate reflex components in response to electrical stimuli ( Fig. 2A, lower trace) . Thus, it is likely that two separate afferent nociceptive signals evoke two separate motor output signals via segmental spinal reflex pathways, leading to a biphasic withdrawal movement. Consistently, the two separate withdrawal movements had distinct thresholds for activation, and a higher stimulus intensity was required for the long-latency movement (Fig. 2B) . Myelinated fibers and unmyelinated fibers are responsible for the short-latency and long-latency reflex, respectively
The estimated conduction velocities for the first and second compound action potentials (5 -30 and 0.3 -0.8 m / s, respectively) agree with those reported previously for Ad -and C-fibers, respectively, in mice (11) . Therefore, it is most likely that the nociceptive signals mediated by myelinated Ad -fibers trigger the shortlatency flexor withdrawal movement and that the unmyelinated C-fiber-mediated slow signals evoke the long-latency flexor withdrawal movement. This is supported by the results obtained using focal application of TTX to the sciatic nerve. TTX is used to achieve a selective and reliable blockade of the myelinated Afibers (3, 4, 12) . Upon application of TTX, the shortlatency movement was selectively suppressed and finally abolished (Fig. 4) , confirming the involvement of myelinated fibers in this movement. The remaining movement was solely the long-latency movement, which was considered to be mediated by TTX-resistant C-fibers (3, 4, 12) . Consistent with the study in cats shown by Schomburg et al. (3), we observed the concomitant increments of the long-latency movement with the TTX-induced suppression of the short-latency movement. This may be attributed to the removal by TTX of the collateral presynaptic inhibitory influence by Ad -fibers (13), leading to enhancement of the transmission of C-fiber-mediated nociceptive information. We consider that 10 m M TTX was a concentration high enough to impair the conduction of action potentials along C-fibers, which may be the reason that the facilitation was not concentration-dependent. 
Morphine causes a potent inhibition of the short-latency movement
In this study, morphine, at doses between 1 and 10 mg / kg (i.v.), exhibited a preferential inhibition of the Ad -fiber-mediated short-latency withdrawal movement, and C-fiber-mediated slow movements remained unaffected or were not significantly reduced (Fig. 5) . As was revealed by the experiment with TTX, the activity of Ad -fibers affects the C-fiber-mediated movement. Removal of any presynaptic inhibitory influences of Ad -fibers on C-fibers by application of morphine, via the action on Ad -afferent terminals directly and / or indirectly through the supraspinal structures, may oppose the inhibitory action of morphine, if any, on the long-latency withdrawal movement.
Our results in anesthetized mice are inconsistent with those of previous studies demonstrating that systemically administered morphine exhibits a more potent reduction of C-fiber-mediated nociception in anesthetized rats (1) and of neuronal responses in the dorsal horn of spinalized cats (2) than for those mediated by Ad -fibers. The sensitivity to morphine of the C-fiber-mediated reflex depends on the preparation with or without supraspinal influences. In anesthetized, non-spinalized rats, systemic morphine administration facilitated and depressed the C-fiber reflex at lower (0.5 -1 mg/ kg, i.v.) and higher doses (4 -10 mg / kg, i.v.), respectively (7) . By contrast, much higher doses (20 mg / kg, i.v.) of morphine were required to reduce the C-fiber-evoked excitation of flexor motoneurons in the decerebrate-spinal rat (5) . Unfortunately, those studies did not describe the effect of systemic morphine on Ad -fiber-mediated responses. At least in the presence of supraspinal influences on the spinal cord, our results in mice indicate that the reduction of the Ad -fibermediated response contributes substantially to the antinociception effected by morphine.
In conclusion, simultaneous activation of Ad -and C-fibers by electrical stimuli delivered to the ventral aspect of the toe in mice elicited a biphasic withdrawal reflex that was composed of short-and long-latency movements of the ipsilateral hind paw, and these movements were mediated by Ad -fibers and C-fibers, respectively. This method represents a useful tool for the study of how Ad -fiber-and C-fiber-mediated nociceptive reflexes are differentially affected by drugs in the whole animal system.
